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Abstract: Since the 1990s, nature and water management policies have attempted to re-create natural
rivers systems by mimicking curvy meandering planforms, based on the assumption that meandering
is the natural channel-forming process. However, in low-energy river systems, the extent to which
meandering plays a natural role is often minimal. This study aims to quantify contemporary
lateral migration in the low-energy irregular sinuous lowland river system of the Drentsche Aa,
The Netherlands, and to determine the factors influencing lateral channel migration in a heterogeneous
valley fill. Although the river is classified as laterally immobile based on an empirical stability
diagram, field observations prove that erosion and deposition are currently occurring. By analyzing
historical and present-day maps, it was shown that lateral migration was highly spatially variable
for the period 1924–2005. Sinuosity and valley gradient are not correlated to lateral migration rates,
suggesting they are not a measure of lateral migration in the case study area, which is in line with the
literature. Based on geomorphological and soil map analyses, it was shown that lateral migration
rates are significantly higher in valley fills of aeolian sands than in clastic alluvial deposits, which on
their turn are significantly higher than in peaty environments. Therefore, local conditions appear to
be dominant over other factors such as stream power and bed grain size. These findings are important
for river rehabilitation of low-energy rivers, because it shows that local valley fill conditions can
greatly influence active lateral migration in the river.
Keywords: bank composition; lateral migration; lowland river; meandering; river rehabilitation
1. Introduction
In many Western European countries, naturally flowing rivers have been channelized in the 20th
century to suit agricultural practices [1–4]. However, this has caused several unforeseen problems,
such as hydrological flashy responses resulting in increased flooding downstream and desiccation of
naturally wet ecosystems [3,5,6]. Therefore, since the 1990s, nature and water management policies
have been in place, attempting to re-create natural rivers systems [7–9]. There are many examples
of rehabilitation programs that include re-meandering projects, often in small streams (e.g., [6,9,10]).
Re-meandering of these previously channelized streams is generally based on the assumption that
meandering is a natural channel-forming process and therefore, the channel planform characteristics of
the historical situation before channelization is mimicked [4]. However, despite the sinuous planform,
the extent to which meandering processes play a natural role is often minimal in systems characterized
by a low valley slope and relatively low energy levels [10,11]. Although such low-energy streams
should be regarded as “non-dynamic”, they often show lateral migration to some degree [12]. However,
in general, meandering processes in low-energy rivers have largely been overlooked thus far. Therefore,
there is a need for describing factors that contribute to lateral migration in low-energy rivers.
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Processes and forms of individual river channels are influenced by a complex set of factors,
such as flow energy (valley gradient, bankfull discharge, frequency of high discharge events), sediment
load, sediment size, floodplain heterogeneity, and bank cohesion (composition and vegetation)
(e.g., [9,10,13–21]). Human interventions in hydrological systems also influence laterally moving
behavior [22]. Although it is commonly perceived that in temperate lowland rivers, sinuosity tends to
increase if the valley slope is steeper, and there are some examples of rivers where sinuosity and valley
slope are positively correlated (e.g., [23]), specific relations between valley slope and sinuosity cannot
be generalized for rivers with mean annual discharge of more than 10 m3/s [10]. In addition, it is also
often perceived that in cases with a higher sinuosity, a higher lateral migration can be expected [24].
Sinuosity of a stream is often not a stable value, but is temporally and spatially variable. For example,
vegetation influences, extreme weather conditions, clustering of meander cut-offs, or human influences
can have an impact on the sinuosity [10].
Rivers can be classified based on river channel processes or on their resulting planform [19].
Nanson and Croke [12] created a genetic classification, in which they distinguished river systems into
high-energy non-cohesive floodplains, medium-energy non-cohesive floodplains, and low-energy
cohesive floodplains. According to this classification, banks in meandering systems are laterally active
in a floodplain environment composed of gravels, sands, and silts, whereas in irregular sinuous systems,
the channels are stable in sedimentary systems of abundant silts and clays with organic sediments.
The latter show no lateral migration, as the discharge power is below a certain threshold to erode
bank material. This thus implies that when no erosional processes are taking place, a channel cannot
be defined as a meandering stream since no migration will take place. Nanson and Knighton [25]
proposed a single-channel river classification based on planform, where laterally active regularly
sinuous channels show meandering and braided planforms and laterally inactive channels consist of
what they termed ’straight’ and ‘irregular sinuous’ planforms. Gurnell et al. [24] make a distinction
in rivers based on sinuosity P, in which they define ‘straight’ (P < 1.05), ‘sinuous’ (1.05 < P < 1.5),
and ‘meandering’ (P > 1.5) planforms.
Since meandering is defined by the level lateral activity or the planform, or both, in this paper, the
focus is on the lateral migration of the river channel rather than on the definition of whether a river is
‘meandering’ or not.
To classify the extent of lateral activity in single-thread rivers, Van den Berg [17] developed an
empirical stability diagram based on data from a large number of rivers. The diagram was subsequently
refined by Bledsoe and Watson [26], Makaske et al. [27], and Kleinhans and Van den Berg [10]. Classes
include highly braided rivers, moderately braided and meandering rivers with scrolls and chutes,
meandering rivers with scrolls, and laterally immobile rivers without bars. The discrimination borders
between classes should be interpreted as lower limits rather than hard thresholds [10,28]. Following
the empirical diagram, the lateral stability can mainly be described by three variables: The median bed
grain size, the valley slope, and the bankfull or mean annual discharge [10].
Although the separation between actively meandering and laterally inactive irregular sinuous
rivers has been studied extensively, it remains unclear what factors influence lateral migration in
low-energy rivers, as the empirical stability diagram has not been validated for these cases. Low-energy
rivers in this case are defined by a mean annual discharge of less than 10 m3/s [10] or by a specific
stream power of less than 10 W/m2 [12,24]. In general, there has been great interest in relatively highly
lateral instable systems, where rivers with relatively stable planforms due to strong resistance to
erosion and/or low specific stream power have received considerably less attention [29].
Eaton et al. [30] demonstrate that predicting channel patterns is a three-variable problem, based
not only on slope and (dimensionless) discharge, but also on bank strength. Erosive banks and fresh
bars are observed even in small streams. The erosivity or bank cohesion may depend on different
factors, such as soil type, sediment deposition structure, and riparian vegetation [31]. In cases where
banks are stable, there are still some very slow rates of lateral migration [12]. Generally speaking,
banks consisting of loose material, like (aeolian) sand, are more erodible than banks consisting of
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more cohesive materials like silt, clay, or peat [9,32]. Bank stability also depends on the amount of
organic matter and the amount of plant roots which consolidate bank material [32,33]. However, the
composition of valley fills and its resistance also act as a factor in determining lateral migration in
low-energy rivers, but is relatively under-exposed thus far [9]. In addition, research has focused on
lateral activity in either alluvial or, to a lesser extent, in peatland environments (e.g., [34]), but not
in valley systems with heterogeneous valley fills. Although it is acknowledged that the erosional
resistance of spatially heterogeneous floodplains affects planform evolution of meandering rivers,
the relative importance of this effect is limited [19]. Special attention needs to be paid to floodplain
heterogeneity, as it may cause local variation in lateral channel migration [29,35–37].
Therefore, there is a need for case studies that describe which factors contribute to lateral migration
in low-energy rivers in heterogeneous valley fills. This is important for river management, since it
may determine the way river rehabilitation projects should be designed. Therefore, this paper aims to
(1) quantify historical and contemporary lateral migration in a low-energy irregular sinuous river and
(2) assess the factors that influence lateral channel migration in a heterogeneous valley fill. The river is
positioned in the context of the stability diagram of Kleinhans and Van den Berg [10] and in the river
planform classification system as proposed by Gurnell et al. [24]. The paper then focuses on the spatial
variability of lateral migration rates and relates this to local conditions of valley and channel slope,
sinuosity, and valley fill composition. The research involves a detailed case study of the Drentsche Aa
mixed alluvial and peatland lowland river situated in the Northern Netherlands. The outcomes are
compared to the presumed naturalness of the river, and findings are discussed in the light of river
rehabilitation projects.
2. Regional Setting
The Drentsche Aa (Figure 1) is a semi-natural, lowland river system in the north of the province
of Drenthe in the Netherlands. Due to its high natural, cultural, and geo-heritage values, the area
was designated as one of the 20 Dutch National Landscapes [5,38] and is part of the UNESCO Global
Geopark De Hondsrug. The total catchment size is around 300 km2 with a length of around 16 km.
The area can be characterized as a relatively flat area, ranging from 22 m AMSL near the source area in
the south to 0.6 m AMSL at the catchment outlet in the north [5,11,39,40].
The shallow subsurface consists of subglacially deposited till of Saalian origin, in which periglacial
snow meltwater runoff has eroded shallow valleys with a NNW–SSE orientation [41–43]. The area was
covered with undulating aeolian cover sands and periglacial fluvial deposits of Weichselian origin
about 0.5–2 m in thickness, which form the Pleistocene basis of the stream valleys [42,44]. During the
late Weichselian and Holocene, peat formation and local alluvial deposits filled the valleys [42,45].
Since the 1600s, the peat has been subsiding due to surface drainage by people. The current-day peat
thickness is usually limited to about 0.5–2 m in thickness, but can locally reach a thickness of around
7 m [45]. In some areas, aeolian dunes of late Pleistocene age are embedded or partly covered by
Holocene deposits. This means that in some locations, the bottom of the streambed is situated in the
Pleistocene aeolian or fluvial deposits, and in others, the stream is flowing through a peaty environment.
The composition of the backswamps in the floodplain is variable and mainly consists of peat with local
alluvial material due to the nature of obliquely aggrading streams during the Holocene [11]. Natural
levees are present along the active river channel, although they may have been slightly raised in
places due to local small-scale manual deepening of the channel as drainage improvement by farmers
in the past. Abandoned channels or oxbow lakes are almost entirely absent [11,42,46]. The higher
areas mainly consist of infiltration areas, whereas in the valleys, groundwater seepage reaches the
surface [40]. Figure 1 shows the geomorphological map [41] and the current-day river network of the
study area.
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annual river runoff near Schipborg is around 1.8 m3/s, which has a typical stream power of around 
0.5 W/m. The bankfull discharge is 6.8 m3/s or 1.6 W/m2 [5,11], which classifies the stream as a low-
energy river. Typical bankfull discharge levels are lower in the tributaries, with around 1.5 m3/s in 
the Gastersche Diep and 2.9 m3/s in the Loonerdiep (Figure 1). The stream is free-flowing and is not 
influenced by sea level rise or tidal fluctuations. The stream consists of a number of tributaries or 
Figure 1. Hillshade geomorphological map of the case study area [41], showing the tributaries with all
associated names and studied sections of the stream network.
The moderate climate has an annual average rainfall of about 750 mm, evenly distributed over the
year [5,47], which has been slowly increasing due to climate change [48]. Typical channel widths are
2–3 m in upstream sections to around 10–15 m near the catchment outlet. The current-day mean annual
river runoff near Schipborg is around 1.8 m3/s, which has a typical stream power of around 0.5 W/m.
The bankfull discharge is 6.8 m3/s or 1.6 W/m2 [5,11], which classifies the stream as a low-energy river.
Typical bankfull discharge levels are lower in the tributaries, with around 1.5 m3/s in the Gastersche
Diep and 2.9 m3/s in the Loonerdiep (Figure 1). The stream is free-flowing and is not influenced by sea
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level rise or tidal fluctuations. The stream consists of a number of tributaries or reaches (locally called
‘diep’; Figure 1). The stream and its valley can be described as ‘unconfined single thread’ according to
the Gurnell et al. [24] classification scheme.
Agriculture is the main land use in the area (50%), of which around half is pasture. Another 35%
consists of natural areas, both as grasslands on the valley floors, as well as pine and deciduous forests
(20%) in the higher, drier areas. During the last century, European and national agricultural policies
focusing on food security transformed farming practices and countryside management in large parts
of the Netherlands. However, the catchment of the Drentsche Aa was relatively untouched by the
large-scale land consolidations [5]. Some short upstream tributaries were channelized in the 1960s and
1970s, which has some influence on the hydrological conditions in these channels, but they are still
generally considered as ‘semi-natural’ in a Western European context [5]. The majority of the stream
network still has its sinuous planform [42,49]. The studied part of the network system is approximately
16 km in length and elevation difference from upstream to downstream is about 7 m.
In 1944, Kuenen [46] investigated lateral migration in the Drentsche Aa by conducting a field
survey and analyzing map data spanning a 20-year period. He concluded that the Drentsche Aa
river is morphologically largely inactive and only shows activity on small stretches of the channel
during short periods of time. Candel et al. [11] have shown that lateral migration and the resulting
planform appear to be inherited by the Pleistocene subsurface morphology and composition during
the build-up of the valley fill during the Holocene. Due to oblique aggradation, lateral activity in
sandy environments appears to be stronger than in peaty conditions, suggesting that local conditions
are dominant in lateral migration. Their research was based on six lithological cross sections of the
valley fill in the study area, showing the long-term processes in a limited number of places. This paper
has a more contemporary focus and uses data from a multitude of locations along the river channel.
3. Approach and Methods
The approach of this study was to first position the stream in the context of the empirical stability
diagram by Kleinhans and Van den Berg [10] and the river classification by Gurnell et al. [24] using field
measurements and observations. Based on fieldwork and historical map analysis, lateral migration
rates were quantified and then statistically related to local factors such as valley slope, sinuosity, and
valley fill composition by using geomorphological and soil maps.
3.1. Positioning the Stream in the Stability Diagram
The empirical stability diagram [10] was originally designed to be used for streams with bankfull
discharge or mean annual discharge of more than 10 m3/s. As scale differences do occur, it was expected
that in low-energy streams with smaller discharges, local conditions would have a more dominant
influence on the lateral migration [10,28]. As the Drentsche Aa stream is typified by low bankfull
discharge values, the stability diagram was used here as a frame of reference rather than a classification
parameter, similar to Makaske et al. [28]. The stability diagram was drawn by plotting the potential
specific stream power (ωpv; in W/m2) against the median bed grain size (D50), where the potential





in which ρ = water density (kg/m3), g = gravitational acceleration (m/s2), Q = bankfull discharge
(m3/s), Sv = valley slope, and Wr = reference width, defined as Wr = α
√
Q, with α = 4.7 × √s m−1 for
D50 < 2 mm.
To be able to position the stream in the stability diagram, data were gathered at four locations:
In the Gastersche Diep, Anlooërdiepje, Zeegserloopje, and the Schipborgsche Diep (Figure 1). At each
location, sediment samples of the top 5 cm of the channel bed were taken with a pulse auger. Organic
material on the channel bed was almost absent. The median bed grain size was determined by drying,
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sieving, and weighing the bed sediment samples. Grain size distribution diagrams were constructed
to determine median channel bed grain size at each cross-sectional location.
Bankfull discharge at the sites was calculated based on the Manning’s equation (Equation (2)) for







where v is the average flow velocity (m/s), n is the Manning’s roughness coefficient, Rh is the hydraulic
radius (flow surface divided by the wetted perimeter), and S0 is the channel slope.
At each location, the channel slope (i.e., slope of water surface following the water course
trajectory) was measured using a Trimble Spectra LL500 laser level in 10 m intervals over a distance
of around 50 m up- and downstream of each site. At each site, three local channel cross-sectional
profiles were measured and averaged to determine Rh. The roughness coefficient n was estimated
from field observations in comparison with examples from literature [50,51]. By multiplying v with the
cross-sectional flow surface at bankfull discharge, Qbf was calculated. In addition, Qbf data, based on
calibrated stage–discharge relations, were provided by the regional waterboard (Waterschap Hunze en
Aa’s). The valley slope was extracted from LIDAR data from 2009 (AHN2 [52]) by determining the
difference in channel bank heights over a distance of approximately 500 m along the locations where
the cross-sectional profiles were taken. This distance included a multitude of channel bends upstream
and downstream of the sampled locations.
3.2. Erosion Scars and Sediment Deposition—Field Assessment
During a field survey, a visual inspection of the riverbanks from the water was conducted
to obtain qualitative data on the current state of erosional and sedimentary processes in the river
system. The banks of sections West and North, interpreted as the main tributaries of the water system
(Loonerdiep, Taarlosche Diep, Oudemolensche Diep, Schipborgsche Diep, Westerdiep, and Drentsche
Aa; Figures 1 and 2) were surveyed from a kayak. The field observations were carried out during
two days in April 2015, directly after the hydrological winter half year. During this period, bankfull
discharges occur most frequently, leaving fresh signs of morphological activity. Banks were still scarcely
vegetated, which made observations of active erosion and sedimentation easier. Stream bends were
photographed and described in terms of visual signs of the presence or absence of recent erosion scars
and fresh bars. The bends were categorized into three categories: Erosive (clear erosional scars and/or
sedimentary features), non-erosive (minor or no erosional scars or no clear sedimentary features),
or inconclusive.
3.3. Historical Map Study
A historical map study was conducted to analyze the lateral bank migration over time. A wide
variety of maps dating from 1830 through 2009 were available for (parts of) the tributaries (Table 1).
The maps differed in quality and spatial scales. After close visual examination, only AHN 2009
(LIDAR altitude map [52]) with a spatial resolution of 0.5 m and the 1924 maps ([53]; scale 1:1000)
were considered to be suitable for the spatial scale of this study. The other maps proved to be too
inaccurate or of an insufficient spatial scale for this purpose. The spatial and temporal coverage of
aerial photographs in the area was insufficient for reliable usage for the purpose of this study.
The 1924 maps were high quality maps, as they were specifically aimed to map the course of
the river. The original purpose of these maps was for planning the channelization of the river [53],
which was never carried out. The detailed scale level was considered to provide a unique opportunity
to reconstruct the lateral channel migration over the period 1924–2009. The 1924 maps consisted of
13 adjacent sheets covering all tributaries (sections North, West and East) under investigation, except
for the Zeegserloopje and the Anlooërdiepje (Figure 1).
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The 1924 maps were scanned and georeferenced in a GIS. The channel banks from both the 1924
and 2009 maps were manually digitized. Multibuffer polygons with 1 m distance intervals were
drawn around both the left and right 2009 bank positions (Figure 3). By overlaying these with the
1924 banks, the local lateral channel migration was calculated. A 1 m interval was chosen, as it was
assumed that the combination of the quality of the original data and the digitizing errors did not justify
a higher resolution.
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migration rates for currently stable and active rivers bends was tested.
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Table 1. Overview of the available historical maps, covering (parts) of the research area.
Name Year Scale Original Purpose
AHN 2009 2009 Resolution 0.5 m Altitude mapping (LIDAR)
Historical topography 1895 ±1895 1:25,000 Topography for military purposes
Historical topography 1935 ±1935 1:25,000 Topographic
De Jonge 1924 maps ±1924 1:1000 Preparation for channelization 1,2
TMK 1850 1:50,000 Military topography
Administrative boundaries 3 1849 ± 1:25,000 Cadastral purposes 2
Cadastre 1832 ±1830 ±1:1250–5000 Cadastral purposes
1 The channelization plan was never carried out. 2 Does not include Zeegserloopje and Anlooërdiepje. 3 Map of the
village of Gasteren, which borders the river course. Only covers the trajectory of the Gastersche Diep.
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and the intermittent line represents the 1924 condition.
3.4. Using LOESS and CUSUM for Spatial Variation in Lateral Migration
To assess the regional variability of lateral migration along the river channel, locally estimated
scatterplot smoothing (LOESS) for visual analysis [54] and the distribution-free cumulative sum
(CUSUM) test were used to assess the change along the river course. The CUSUM test is a rank-based
test to indicate stepwise change in successive measurements [55,56]. The test is usually employed
for monitoring change detectio through time (e.g., [5]). We used longitudinal distanc along the
river to monitor stepwise change of lateral mi ration. The test statistic is the maximum cumulative
sum of the sign of the difference from the median and rt at the most downstrea point of the
stream, working in a upstream direction. A normal distributi n is not required, but the test do s
assume independency of the measurements. As the valley fill in the study area is heterogeneous at a
short spatial scale [11,42,45], it is assumed that the data are not auto-correlated (or interdependent),
and therefore the test could be used.
3.5. Sinuosity and Slope
To rule out the general relationship of the positive correlation between sinuosity and valley slope
and to position the stream in the classification system of Gurnell et al. [24], average slope, sinuosity,
and lateral migration for each of the 20 1000-m subsections were determined. This distance was
assumed the minimal scale level to assess valley slope in the case study area. The lateral migration
was calculated by averaging the lateral migration of all individual bends per subsection based on the
1924–2009 historical map analysis (see Section 3.3). As the variables were not normally distributed,
the non-parametric Pearson’s correlation was used to analyze the correlation between valley slope,
sinuosity, and lateral migration per subsection.
Water 2019, 11, 2149 9 of 20
3.6. Geomorphological and Soil Map Analysis
Following the theory and findings by Wolvert and Maas [9], Kleinhans and Van den Berg [10],
Makaske et al. [28], and Candel et al. [11], it was expected that lateral migration of stream sections
in the Drentsche Aa river is mainly determined by local factors and is larger in sandy environments
than in peaty sediments. To test this, differences in lateral migration rates from the historical map
analysis (Section 3.3) were compared to the valley fill, as reflected in the geomorphological map
(scale 1:50,000; [57]) and the soil map (scale 1:50,000; [58,59]). The maps were created by different
institutions, using different datasets. The maps are not independent, but since the geomorphological
map places map units in the context of the landform processes and the soil map in the context of
pedogenesis, we used both maps for our analysis. The variability at valley system scale is well-covered
in the maps, which identifies deeper and shallower peat covers, as well as the sandy valley sides.
Small-scale variability, i.e., former streambeds and overbank deposits, are not covered in the maps.
All individual bends were classified based on geomorphological and soil mapping units in a GIS.
As the lateral migration is regarded as not normally distributed, the statistical differences in lateral
migration between map units were evaluated using the non-parametric Kruskal–Wallis median test.
4. Analysis and Results
4.1. River Classification
The average valley slope is 0.00052 m/m, which is well below the 0.0050 m/m threshold defined
by Gurnell et al. [24], typical for very stable sinuous, meandering, and anabranching rivers. The bed
material consists of fine to medium sizes of sand (D50 is 245 µm; Table 2). With its average sinuosity
P of 1.5, the river planform is on the boundary of the ‘sinuous’ or ‘meandering’ Gurnell et al. [24]
planforms. The river is classified as ‘large single-thread sinuous/meandering rivers with insufficient
power to rework more than a part of the valley fill’ (types 17 and 18; see Table 7.3 in [24]). According
to this scheme, the channels are expected to be laterally unstable and (sometimes) subject to lateral
migration. In conditions with a relatively high sinuosity, typical floodplain landforms such as oxbows,
ridges, and swales should be present. These do hardly occur in the study area, however, and from a
landforms’ perspective, the study area would better fit the description of laterally stable ‘single-thread
straight, sinuous, or meandering rivers’ with levees and (organic) backswamps (types 20 and 21). It is
noted that in the study area, typical channel slopes are 0.0004 m/m, which is substantially lower than
the typical slope conditions threshold of 0.02 m/m that are identified by Gurnell et al [24]. Moreover,
the classification types 17 and 18 are typical for bankfull unit stream power values between 10 and
60 W/m2, whereas in the study area, this is typically around 1.6 Wm2, which better fits the 20 and
21 classes. Although the classification scheme was designed as an indicative framework, the river
studied in this paper cannot be consistently identified as part of a single class. Gurnell et al. [24] do not
further quantify typical lateral migration rates in the different classes.
Table 2. Specific stream power and D50 results. Sampling locations are indicated in Figures 1 and 2.
Tributary Channel Dimensions D50 (µm)
ωpv (W/m2)
Width (m) Slope (m/m) n = 0.02 n = 0.03 n = 0.08
Gastersche Diep 6.7 0.00025 254 2.81 2.40 1.47
Anlooërdiepje 3.4 0.00076 223 2.01 1.64 1.01
Schipborgsche Diep 10.8 0.00022 279 1.93 1.57 0.96
Zeegserloopje 4.1 0.00042 228 1.30 1.06 0.65
The variables for the empirical stability diagram are shown in Table 2. At all sites, the natural
stream was clean and straight and Manning’s n was therefore set at 0.03. To assess the error ranges,
the theoretically possible Manning’s n values ranging from 0.02 (bankfull clean straight channel) to 0.08
(dense weeds as high as flow level) were also included. All sites are in the lowest field of the stability
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diagram below the laterally active/inactive border (Figure 4). As a result, the stream classified as
‘laterally immobile’. Using the Gurnell et al. [24] classification scheme, the stream would be classified
as ‘non to limited lateral migration’. Neither in the stability diagram nor the Gurnell et al. classification
are typical maximum lateral migration rates provided. Based on the interpretation by Kleinhans and
Van den Berg [10], any occurring lateral migration cannot solely be explained by specific stream power
or streambed grain size, as shown in the diagram.
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Figure 4. Positions of the Drentsche Aa river sites in the stability diagram [10]. Vertical error bars
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4.2. Field Analysis of Current Lateral Migration
During the field survey, in total, 143 channel bends were recognized and documented in sections
North and West (Figure 2). Along almost the entire length of the river, visual signs of erosion and
sedimentation were found (Figures 5 and 6). Erosion was indicated by clear and steep cut banks. Many
cut banks also showed undermining: In many cases, the topsoil (±30 cm) was held together by plant roots,
while beneath this layer, the banks were being incised, causing the banks to overhang the channel and
sometimes show signs of collapse. Sedimentation was present as unvegetated, freshly deposited point bars
in the inner bends. The point bars indicate sediment transport and storage in the system, and thus active
morphological rocesses. In a diti n, the wat r was fairly turbi , a sign of the tra sport of suspended
load. The field classification led to 85 be ds being categorized as erosive, 42 as non-erosive, a d 16 as
inconclusive. This mean that the majority of the documented river bends showed s gns of present activity,



















Figure 6. Examples of fresh point bars in bends nrs. 13 (left) and 103 (right). Bends were subsequently 
numbered from upstream to downstream. 
4.3. Lateral Migration Based on Historical Map Data Analysis 
Figure 7 shows the descriptive statistics and frequency distribution of the lateral channel 
migration per bend over the period 1924–2009 based on the historical map analysis. On the basis of 
262 individual stream bends, it was shown that the lateral migration over the 85-year period averaged 
at 6.9 m (± 4.4; 1σ), which equals an annual migration rate of around 0.08 m/y (± 0.05 m/y). Migration 
distances showed a large variation ranging from 1 to 28 m (0.01–0.33 m/y). This is relatively low for 
catchments of this size as compared to overviews by Hooke [60] and Lawler et al. [61]. Only one 
natural channel cut-off occurred in the period 1924–2009, which was already noted by Kuenen [46]. 
Other cut-offs from earlier times are known but very rare. They seem to be the result of local 
channelization by farmers to improve local drainage for the benefit of the surrounding grasslands 
(Koopman, pers. comm.), which is confirmed by the relative lack of abandoned channels or oxbow 
lakes.  
Figure 5. Examples of active bank erosi . d 124 (left) and bend 01 (right).
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numbered from upstream to downstream.
4.3. Lateral Migration Based on Historical Map Data Analysis
Figure 7 shows the descriptive statistics and frequency distribution of the lateral channel migration
per bend over the period 1924–2009 based on the historical map analysis. On the basis of 262 individual
stream bends, it was shown that the lateral migration over the 85-year period averaged at 6.9 m (±4.4;
1σ), which equals an annual migration rate of around 0.08 m/y (±0.05 m/y). Migration distances
showed a large variation ranging from 1 to 28 m (0.01–0.33 m/y). This is relatively low for catchments
of this size as compared to overviews by Hooke [60] and Lawler et al. [61]. Only one natural channel
cut-off occurred in the period 1924–2009, which was already noted by Kuenen [46]. Other cut-offs from
earlier times are known but very rare. They seem to be the result of local channelization by farmers to
improve local drainage for the benefit of the surrounding grasslands (Koopman, pers. comm.), which
is confir ed by the relative lack of abandoned channels or oxbow lakes.Water 2019, 11, x FOR PEER REVIEW 12 of 21 
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Both the field survey and the historical map analysis show that erosional and sedimentary
processes were active during the last 85 years in the river system. A chi-square statistical analysis
(Table 3) shows that currently active erosional cut banks, as observed in the field, show significantly
higher lateral migration rates for the period 1924–2009 than inactive cut banks (observed in the field as
vegetated) over the same period. This means that bends observed as ‘erosive’ in the field correspond
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with bends with high migration rates according to the historical maps analysis. The field survey
therefore confirms that historically active bends are mostly still active today.
Table 3. Statistical analysis of recent and historical lateral migration.
Field Observations
Lateral Migration 1924–2009 (m)
n Average Median st. dev. st. err.
Erosion 85 14.2 8 9.6 1.0
No erosion 42 7.8 6 6.6 1.0
Inconclusive 16 11.6 7 9.5 2.4




1 The field survey from the water was carried out in sections North and West. Therefore, descriptive statistics differ
from the historical map analysis, which also covered section East (n = 262).
4.4. Spatial Variation in Lateral Migration Rates
In order to get an idea of the spatial variability in lateral migration, the migration rates along the
entire stream were mapped based on the historical map analysis. Figure 8 shows a visual representation
of the variable lateral migration for section East—channel subsections where higher or lower migration
rates appear to be heterogeneously distributed. The upstream part of the Gastersche Diep shows
areas with relatively high migration rates, while the downstream part is much more stable over the
85-year period.Water 2019, 11, x FOR PEER REVIEW 13 of 21 
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Figure 9 shows the spatial variation in lateral migration along the stream valley profile using
locally estimated scatterplot smoothing (LOESS). It shows that the average lateral migration is around
7 m between 1924 and 2009 but is spatially strongly variable. At around 5.5 and 8 km, distance points
in the northern section, and around 14 km in the eastern section, lateral migration appears to be locally
higher. This is confirmed by the CUSUM analysis results, which show stepwise changes in lateral
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migration at around the same locations (Table 4). However, only the stepwise change at around 8580 m
was significant, with confidence of p < 0.05. Other steps were identified by the CUSUM analyses but
with much lower confidence. We can therefore conclude that at individual bend scale, lateral migration
is highly variable. At section scale levels, some variability is observed, but this is relatively limited.
This may indicate that local factors dominate lateral migration rates.Water 2019, 11, x FOR PEER REVIEW 14 of 21 
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4.5. Valley Slope and Channel Sinuosity
To further assess the impact of local factors on lateral migration, Table 5 shows channel sinuosity,
valley slope, and lateral migration 1924–2009 for the subsections of the river network and the Pearson’s
non-parametric correlation results. The average valley slope is 0.00052 m/m and varies between 0 and
0.00125 m/m, indicating that valley slopes are generally low show but do show substantial spatial
variation. Sinuosity varies between 1.1 and 2.1 with an average of 1.5. This means, that the planform
of the river as a whole is at the intersection between sinuous (1.05 < P < 1.5) and meandering (P > 1.5)
classes, according to the Gurnell et al. [24] classification system. However, the planform of the different
subsections can be classified as distinctively different on both sides of the classification boundary, with
values ranging from P = 1.06 to P = 2.12, indicating that the river shows a highly spatially varying
nature of sinuosity in its planform. Average migration rates per subsection vary between 1.0 and 7.9 m
in the 85-year period. Pearson correlation coefficients (Table 5) indicate that there are no significant
correlations between valley slope, sinuosity, and lateral migration rates.
Table 5. Correlations between valley slope, sinuosity, and lateral migration.
Sinuosity Valley Slope Lateral Migration (1924–2009)
Mean st. dev. std. err.
(−) (m/m) (m) (m) (m)
Mean 1.53 0.000521 7.5 4.23 1.37
Median 1.44 0.000453 7.5 4.39 1.31
Min 1.06 0.000000 4.4 1.00 0.37
Max 2.12 0.001252 12.8 7.91 3.23
Spearman non-parametric correlation test statistics n rs p
Valley slope–sinuosity 20 0.129 0.587
Valley slope–lateral migration 20 −0.166 0.486
Sinuosity–lateral migration 20 0.326 0.161
4.6. Geomorphological and Soil Map Analysis
When classifying the individual stream bends based on geomorphological and soil mapping units,
both maps show a significant difference in median lateral migration (Tables 6 and 7 and Figure 10).
For the bends located in the geomorphological map unit ‘cover sand’, which represent late Weichselian
aeolian deposits, lateral migration rates are significantly higher (p < 0.01) than both the Holocene
alluvial and peaty valley fill deposits. Within the Holocene geomorphological map units, river bends
in alluvial valley fill sediments show significantly higher (p < 0.05) migration rates than the peaty
valley fill deposits.
Table 6. Descriptive statistics of channel migration based on the geomorphological map classification.
Geomorphological Map Total Lateral Migration 1924–2009 (m)
Code Description Mean Median st. dev. se n
B3 Peaty valley fill deposits 6.1 5 3.84 0.31 155
B4 Alluvial valley fill deposits 7.7 6 5.22 0.54 92
D Cover sand 11.1 11 3.33 1.00 11
total 6.9 6 4.50 0.28 258
Kruskal–Wallis
test statistics Chi-square df p
Between all
units 19.96 2 <0.0001
B3–B4 6.12 1 0.0134
B3–D 16.27 1 0.0001
B4–D 9.04 1 0.0026
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Table 7. Descriptive statistics of channel migration based on the soil map classification.
Soil Map 1 Total Lateral Migration 1924–2009 (m)
Code Description Mean Median st. dev. se n
Vc Peat more than 120 cm inthickness 6.3 5 4.02 0.30 181
Vz Peat, sand within 120 cm 7.5 8 3.18 0.50 40
W Peaty sand 7.0 7 1.41 1.00 2
Z Sand 9.7 8.5 6.22 1.18 28
total 6.9 6 4.48 0.28 262
Kruskal–Wallis
test statistics Chi-square df p
Between all
units 15.47 3 0.0015
Vc–Vz 8.28 1 0.0040
Vc–W 0.88 1 0.3473
Vc–Z 8.79 1 0.0030
Vz–W 0.03 1 0.8583
Vz–Z 1.30 1 0.2546
W–Z 0.17 1 0.6764
1 The complex soil map unit “peat and alluvial valley fill deposits” was left out of this analysis due to high local
variability within the mapping unit. This also explains the difference in sample counts.
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Figure 10. Median lateral migration with standard errors for soil (left) and geomorphological map
units (right) for the period 1924–2009.
Applying the same methodology using the soil map provides similar results, in which the
migration rates between the soil units are statistically different (p < 0.01). Between groups, river bends
in sandy soil units show significantly higher (p < 0.01) migration rates with respect to the deeper
peat soils (>120 cm). The difference is not significant between bends in sandy soils compared to soil
types with shallow peat layers (as indicated as less than 120 cm in thickness on the soil map). Lateral
migration rates in deep peat soils are significantly lower (p < 0.01) than rates in shallow peat soils. So,
using both the geomorphological and soil map units, units with clastic deposits (mostly aeolian cover
sand) showed significantly higher lateral migration rates.
5. Conclusions, Discussion, and Recommendations
The planform of the Drentsche Aa river is spatially variable and, based on its sinuosity, it can be
classified on both sides of the (irregular) sinuous and meandering boundary using the Gurnell et al. [24]
river planform classification system. With relatively low bankfull discharge levels (Qbf = 6.8 m3/s;
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ωpv =1.6 W/m2), the stream is regarded as a low-energy river. By plotting four river sites in the
Kleinhans and Van den Berg [10] empirical stability diagram, the river is positioned in the lowest
field. Although the empirical stability diagram was not designed for rivers with such low bankfull
discharges, the diagram was applied here as a frame of reference rather than a hard classification
method, as placing the river in the diagram may also help to validate the diagram for low-energy rivers.
According to the position in the diagram and using the Gurnell et al. [24] classification, the Drentsche
Aa river should be nearly immobile.
However, field observations reveal that the Drentsche Aa shows active signs of erosion and
sedimentation processes, indicated by bare vertical cut-banks and fresh point bars in the channel.
Moreover, the historical map analysis also shows proof of lateral migration, with average migration
rates of 0.08 m/y over the last 85 years. Locations with observed active erosion in the field correspond
to statistically significant higher lateral migration rates than locations where no or little active erosion
has been observed, according to the historical map analysis. Our interpretation, therefore, is that
historical lateral migration rates for the period 1924–2009 are representative for current-day conditions.
This means that, although the river is classified as a low-energy stream, this does not mean it is a
non-dynamic river. This confirms that the stability diagram is not applicable for this low-energy
stream, since the diagram classifies the stream as ‘lateral immobile’. Energy levels (e.g., bankfull
discharge and stream slope) and sediment bedload grain size alone, therefore, do not explain the lateral
migration in the Drentsche Aa, or at least not in the way as they are related to each other in the current
stability diagram.
We observe that lateral migration rates are spatially heterogeneous. Average local migration
rates vary between 0 and 0.33 m/y. Some river sections show higher lateral migration rates than
others based on CUSUM and LOESS analyses. The degree of lateral migration cannot be explained
by valley slope, as the correlation between slope and lateral migration is very weak and statistically
insignificant. Moreover, a higher sinuosity does not mean that the river is more actively migrating,
since the correlation between lateral migration and sinuosity is also insignificant. This corresponds
with the findings by, e.g., Kleinhans and Van den Berg [10] and Gurnell et al. [24]. The spatially
heterogeneous nature of lateral migration therefore indicates that lateral activity is controlled by other
local scale conditions.
We show that lateral migration of the low-energy river is best explained by valley fill deposits at
landscape scale, as indicated by both geomorphological and soil maps. Lateral migration of river bends
in peaty valley fill deposits were significantly lower than bends in aeolian sand deposits. Similarly,
bends in peaty soil map units showed statistically significant lower lateral migration rates than sandy
soil units. This indicates that sandy valley fills and valley sides show less resistance to erosion than
organic-rich sediments, and are hence the most important factor in controlling lateral migration in
the case study area. This corresponds with findings by several authors that bank composition and
texture (e.g., [9,24,37,60]) and organic matter content (e.g., [32,62]) influence lateral migration rates.
These observations add contemporary evidence to the oblique aggradation model based on several
cross-sections in the same study area by Candel et al. [11]. The stream tends to be more laterally
active in sandy deposits, resulting in the stream adhering to the sandy valley sides or aeolian dunes
embedded in the peat valley fill. We show that this process has also been active over the last 85 years.
As soil and geomorphological maps on a 1:50,000 scale were used, the influence of valley-scale
heterogeneity on lateral migration was captured. Bank composition variability at the local scale is not
covered in this analysis. Banks composed of deposits formed in local conditions, such as former stream
beds or overbank deposits, are not represented in the maps. Detailed field data on composition and
organic matter contents could provide more information. However, the process of lateral migration
is self-destructive, meaning that former banks were eroded during the migration process and its
composition cannot be established. Field campaigns are not useful for studying the lateral migration
rates over the last 85 years, but if historical archived soil borings are available, they may prove useful
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to capture the plot-scale variability. Detailed determination of bank composition in combination with
field measurements of lateral migration would improve the knowledge at the local scale.
In addition, in the case of typical Dutch low-energy river valleys, a more thorough understanding
of direct and indirect human influences is necessary. We need to assess the extent to which human
action in the past has influenced hydrological discharge levels at the catchment scale and channel
cross sections at the local scale in order to quantify possible effects on lateral migration rates. In that
way, it is possible to determine whether current-day migration rates can be regarded as natural
reference levels, or whether they are to be seen (as part of) a human artefact. This would require an
interdisciplinary approach, combining knowledge from geomorphological, historical hydrological,
and cultural historical disciplines.
We can conclude that the heterogenic composition of the valley fill deposits is more dominant
in determining lateral migration in the low-energy river than factors such as valley slope, specific
energy, and bedload grain size. This explains the heterogenic character of migration rates along the
river, as was already observed but not explained in this catchment by Kuenen [46].
Extending these findings to low-energy lowland rivers in general, river rehabilitation plans should
not only be based on the planform of the last situation before channelization, but also study earlier
planforms and the composition of the valley fill to assess historical morphological processes that
may reflect natural conditions for the specific water course. Dominant local conditions may have
implications for how rehabilitation projects should be designed, as well as for the way the streams
should be managed after the reconstruction of the channel. This will eventually lead to rehabilitation
designs that truly reflect a more natural state of the river.
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